Background {#Sec1}
==========

Dioecious system is the most common rule in animals, but the majority of flowering plants are cosexuals, e.g., individual plants are composed of bisexual flowers with both sexual functions. Approximately 6% of angiosperm species are dioecious plants with unisexual flowers on distinct individuals, that is, staminate flowers on males and pistillate flowers on females \[[@CR1]\]. Diverse sex determination mechanisms in plants range from XY sex chromosomes to a completely autosomal determination system \[[@CR2]\]. In addition, dioecy in plants has independently evolved many times. However, dioecious plants are usually derived from the lineage of hermaphrodite plants. The determination and differentiation of different sexes are genetically controlled by a pair of sex chromosomes carrying sex-determining genes \[[@CR3]\]. At least two dominant genes, namely, one stamen-promoting gene and one gynoecium-suppressing gene, are linked in sex chromosomes \[[@CR4]\]. Although many efforts have been made to unravel the sex-determining regulatory mechanism in recent years, only one confirmed sex-determining gene in dioecious plants has been reported in *Diospyros lotus* \[[@CR5]\]. The mechanism and genes responsible for sex determination in various dioecious plants, even in species with sequenced genomes, remain unclear mainly because the non-recombining region of the Y/W chromosome, where the sex-determining gene is located, is usually occupied by repetitive sequences \[[@CR6]\].

Unlike animals, whose germ cell lines are differentiated in early development stages, plants, including dioecious species, do not possess a distinct germ cell line \[[@CR7]\]. In plants, totipotent meristematic cells usually experience a long vegetative period and then undergo the reproductive stage to form flowers, which are complex sexual organs \[[@CR8]\]. The development and maintenance of sex-specific phenotypes, especially male and female flowers in different individuals, are under a series of metabolic pathways and regulatory genetic networks, in which various genes, transcription factors (TFs), and other regulators, such as microRNAs (miRNAs), are involved \[[@CR9]--[@CR11]\]. Similar to those in mammals \[[@CR12]\], downstream metabolic pathways and genetic networks essential for sex differentiation in plants may be controlled by upstream sex-determining genes \[[@CR5]\]. However, the mechanisms of sex determination and differentiation in plants are poorly understood.

Garden asparagus (*Asparagus officinalis*), belonging to the family Liliaceae, is an important dioecious vegetable crop cultivated worldwide. It contains a haploid genome size of 1308 Mb and 2*n* = 2*×* = 20 chromosomes \[[@CR13]\]. Asparagus is also a good species for sex determination mechanistic studies because of its strict genotypic sex-determining fashion, stable sex phenotypes, and viable YY genotype individuals (supermales) \[[@CR14]\]. Sex dimorphism in asparagus is determined by an *M* locus on the homomorphic sex chromosome L5. In particular, *MM*, *Mm*, and *mm* represent supermale, male, and female, respectively \[[@CR14], [@CR15]\]. Although various molecular markers linked to the *M* locus have been identified \[[@CR16]--[@CR18]\], the *M* gene has yet to be isolated and characterized. Recently, Murase et al. identified a male-specific gene *MSE1*, which plays an important role in sex determination in asparagus \[[@CR19]\]. However, whether this gene is the exact sex-determining gene *M* should be further investigated. Various datasets and massive analyses, including EST, transcriptome, and miRNA, provide useful resources for studies on complex processes implicated in sex determination and differentiation \[[@CR6], [@CR20], [@CR21]\], but genes implicated in sex determination and differentiation in asparagus remain poorly elucidated.

With advancements in next-generation sequencing technologies, transcriptome sequencing has emerged as an invaluable tool for gene discovery and related pathway enrichment. This technique has been applied to identify candidate genes underlying the traits of interest in plants \[[@CR22], [@CR23]\]. More importantly, several studies have been conducted to detect DEGs of different sex types, such as those in *Salix suchowensis* \[[@CR24]\], *Carica papaya* \[[@CR25]\], *Pelteobagrus fulvidraco* \[[@CR26]\], and so on. Recently, Harkess et al. (2015) conducted transcriptome sequencing in male and female asparagus spear tips and identified numerous genes involved in male and female gametophyte development. Although they provided useful information regarding anther and gynoecium developmental pathways, they analyzed data from asparagus spear tips, which include both vegetative and reproductive organs. They also proposed that studying sex-biased expression in flower buds and flower bud primordia is more informative than investigating this phenomenon in spear tips \[[@CR6]\]. In our study, flower buds from male and female asparagus were subjected to a comparative high-throughput transcriptome sequencing by using an Illumina Highseq 2500 sequencing platform to determine their corresponding DEGs. However, the supermale line was not represented. For better elucidating the sex determination and differentiation mechanisms between male and female asparagus, we connected our sequencing data with previously published data by utilizing the supermale and female flower buds of asparagus \[[@CR6]\]. miRNA-DEG correlation analysis was also performed to identify key regulatory miRNA-targeted genes involved in sex determination or sex differentiation in asparagus.

Results {#Sec2}
=======

Sequencing and de novo transcriptome assembly of asparagus flower buds {#Sec3}
----------------------------------------------------------------------

We performed Illumina sequencing on the male and female flower bud samples, and each sample was prepared in two replicates. A total of 210,849,964 raw sequencing reads were generated from the asparagus male and female flower buds. After adapter sequences, ambiguous nucleotides, low-quality sequences, and all possible contaminations were removed, 205,739,016 clean reads remained. Of these reads, 107,013,940 were from female flower buds and 98,725,076 were from male flower buds (Table [1](#Tab1){ref-type="table"}). To improve the quality of the assembly, we combined our sequencing data with previously reported data of the female and supermale flower buds \[[@CR6]\] for sequence assembly. The assembly of these high-quality reads resulted in 72,626 unigenes with an N50 length of 1569 bp and an average length of 979 bp. The shortest and longest unigenes were 201 and 15,615 bp, respectively. Moreover, 34,995 (48.2%) unigenes were greater than 500 bp and 19,967 (27.5%) unigenes were larger than 1000 bp (Additional file [1](#MOESM1){ref-type="media"}). The BUSCO assessment indicated that 83.2% of the plant orthologs were covered by the assembled unigenes (Additional file [2](#MOESM2){ref-type="media"}). The score for the assemblies evaluated by Transrate was 0.242, which is above the threshold Transrate score of 0.22. These results suggested that we generated a transcriptome of asparagus flower buds with high quality.Table 1Summary of sequencing data generated and analyzed in this studySampleRaw ReadsClean ReadsClean BasesError (%)GC Content(%)Mapping ratio (%)Ao_F160,940,66259,418,2087.42 G0.0342.7084.79Ao_F248,879,30047,595,7325.95 G0.0342.5784.82Ao_M153,711,62052,492,7666.56 G0.0345.8785.20Ao_M247,318,38246,232,3105.78 G0.0445.7585.20Ao_Female le66,295,58062,060,6766.27 G0.0345.5685.29Ao_Smale60,744,91256,975,7825.75 G0.0446.9785.15Ao_F and Ao_M: Female and male asparagus flower buds used in sequencing in this studyAo_F1, Ao_F2 and Ao_M1, Ao_M2: Two replicates of female and male asparagus flower buds, respectivelyAo_Female and Ao_Smale: Female and Supermale asparagus flower buds at pre-meiotic stage used in sequencing in a previous study \[[@CR6]\]

Functional annotation and classification of the asparagus transcriptome {#Sec4}
-----------------------------------------------------------------------

The assembled unigenes were annotated by BLAST searching against four public databases, namely, Nr, Swiss-Prot, COG, and KEGG. The results revealed approximately 40.96%, 29.39%, 24.75%, and 16.07% unigene annotations in these databases, respectively (Table [2](#Tab2){ref-type="table"}). In total, 29,967 (41.26%) unigenes were annotated successfully in at least one of the public protein databases (Table [2](#Tab2){ref-type="table"}, Additional file [3](#MOESM3){ref-type="media"}). For COG annotation, 17,973 unigenes were assigned to COG classification and divided into 25 categories (Fig. [1a](#Fig1){ref-type="fig"}). The "general functional prediction only" (6564, 36.52%) was the largest group, followed by "posttranslational modification, protein turnover, chaperones" (3344, 18.61%), "signal transduction mechanisms" (2727, 15.17%), and "RNA processing and modification" (1725, 9.60%). Very few unigenes were assigned to "cell motility" (12, 0.07%).Table 2Functional annotation of assembled asparagus unigenesPublic databaseNumber of unigenesPercentage (%)Nr29,74840.96SwissProt21,34429.39COG17,97324.75KEGG11,66916.07Annotated in at least one Database29,96741.26Total unigenes72,626100 Fig. 1Transcriptome annotation of asparagus flower buds. **a** Transcriptome annotation of asparagus flower buds unigenes against COGs database. **b** Species distribution of the transcriptome annotation of asparagus flower buds. Only the top ten species are listed. Monocotyledon plants are shown in blue, while dicotyledon plants are shown in purple

Species distribution analysis showed that the unigenes of asparagus matched those of various plant species (Fig. [1b](#Fig1){ref-type="fig"}). Among numerous plant species, *Elaeis guineensis* (6736), followed by *Phoenix dactylifera* (5515), *Musa acuminata* (2695), and *Oryza sativa* (1853), contained sequences with the highest hits with the unigenes of asparagus. Therefore, most of the annotated unigenes exhibited high hits with the sequences from monocotyledon plants, and this finding is consistent with the fact that asparagus is a monocotyledon species.

Comparison of transcriptomes between male and female asparagus flower buds {#Sec5}
--------------------------------------------------------------------------

Digital expression profiling analysis showed that 22,335 genes were differentially expressed in male and female flower buds (Fig. [2a](#Fig2){ref-type="fig"}), while 18,550 genes were differentially expressed in supermale and female flower buds (Fig. [2b](#Fig2){ref-type="fig"}). A specific gene responsible for sex determination or sex differentiation should exhibit a similar expression pattern in male and supermale plants versus female plants. Thus, we identified the genes with similar expression patterns between male/supermale and female plants for further analysis. A total of 4876 genes were differentially expressed between the male/supermale and female flower buds (Fig. [2c](#Fig2){ref-type="fig"}). Of these genes, 2401 exhibited a significantly higher expression in male/supermale flower buds than in female flower buds and 2475 exhibited a biased expression in female flower buds (Fig. [2d](#Fig2){ref-type="fig"}, Additional file [4](#MOESM4){ref-type="media"}).Fig. 2Comparisons of gene expression between different sexual types of asparagus. **a** Gene expression comparison between male and female plants. **b** Gene expression comparison between supermale and female plants. **c** Shared differentially expressed genes between male vs. female and supermale vs. female flower buds. **d** Numbers of shared male/supermale-biased and female-biased genes

Among these DEGs, sex-specific genes were detected to search for potential genes that are present or absent in different sex types. The following criteria were used: DEGs contained an estimated abundance of absolutely zero counts in one sex type but showed a certain expression in the other type (read per kilobase per million, RPKM \>0.03). Finally, 166 unigenes were identified as sex-specific genes. Of these unigenes, 120 were male/supermale specific and 46 were female specific (Additional file [5](#MOESM5){ref-type="media"}). Therefore, the majority of the genes exhibited a male/supermale-specific expression pattern.

To confirm the reliability of the RNA-Seq data, we examined the transcriptional level of 24 unigenes selected semi-randomly through real-time quantitative PCR (Fig. [3](#Fig3){ref-type="fig"}). We randomly selected 18 male-biased genes and 6 female-biased genes because male-biased genes are considered more informative than female-biased ones. Although the fold-change value was different between RT-PCR and RNAseq, the expression patterns of the unigenes were consistent with the RNA-Seq data (*R* ^2^ = 0.7944).Fig. 3Quantitative RT-PCR validation of differentially expressed unigenes between male and female asparagus flower buds

The DEGs between male/supermale and female flower buds were then used as input to perform Gene Ontology (GO) annotation, and GO terms were classified into three categories: cellular component, molecular function, and biological process. A total of 1619, 1060, and 2193 male/supermale-biased DEGs were respectively assigned to these categories, whereas 1118, 642, and 1402 female-biased DEGs were respectively designated to these categories (Additional file [6](#MOESM6){ref-type="media"}).

To better annotate the DEGs, we collected all *Arabidopsis* genes with functions associated with plant reproduction and flower development. BLAST analyses suggested that 5809 unigenes were putatively homologous to *Arabidopsis* gene products. Of these unigenes, 433, including 284 male/supermale-biased genes and 149 female-biased genes, were DEGs between male/supermale and female flower buds (Fig. [4](#Fig4){ref-type="fig"}, Additional file [7](#MOESM7){ref-type="media"}). Of the sequences annotated as reproduction and flower development related, 102 unigenes were effectively annotated as anther-related genes or male-sterile mutant-related genes (Fig. [4](#Fig4){ref-type="fig"}). The genes with male/supermale-biased expression in asparagus flower buds included the homologs of *Aborted Microspore*s (*AMS*), *Polygalacturonase 2* (*PG2*), *Microspore-specific promoter 2* (*MSP2*), and other anther-related genes. In particular, 11 genes with male/supermale-biased expression were involved in pollen wall formation processes, such as pollen exine formation, sporopollenin biosynthesis, pollen spermidine formation, and pollen tube formation/growth. A number of genes, including *homeobox gene 1* (*ATH1*), F box genes, phytohormone-related genes, and genes encoding TFs, with female-biased expression and implicated in female gametophyte development were also identified.Fig. 4Heatmap representation of significant functional groups of differentially expressed genes between male/supermale and female flower buds. Colors show the *p*-value, with dark red representing low *p*-value and light red representing high *p*-value

KEGG pathway analysis in asparagus flower buds {#Sec6}
----------------------------------------------

The KEGG analysis of the DEGs between male/supermale and female flower buds revealed that 300 unigenes were assigned to the top 18 KEGG biochemical pathways, ranked on the basis of *p*-value (Fig. [5](#Fig5){ref-type="fig"}). These pathways could be grouped into five classes, namely, "amino acid metabolism", "biosynthesis of other secondary metabolites", "carbohydrate metabolism", "energy metabolism", and "lipid metabolism". A number of genes in the phenylpropanoid and flavonoid biosynthesis pathways were differentially expressed between male/supermale and female flower buds, and this observation is consistent with previous findings in spear tips \[[@CR6]\]. Pathway-based analysis further showed that 43 DEGs were identified and implicated in "plant hormone signal transduction" pathway. Of these DEGs, 28 showed male/supermale-biased expression and 15 exhibited female-biased expression. These genes, including *ARR*, *ANT*, *SAUR*, and *ERF*, participated in the regulation of several hormone homeostasis and reproductive processes. Enrichment analysis demonstrated that most of these DEGs were involved in auxin, ethylene, cytokinin, and JA signaling pathways (Fig. [6](#Fig6){ref-type="fig"}, Additional file [8](#MOESM8){ref-type="media"}). In auxin signaling, 8 male/supermale-biased transcripts and 10 female-biased transcripts encoding auxin synthetases, auxin-induced proteins, auxin-responsive proteins, and auxin transport proteins were identified. Furthermore, 1 male/supermale-biased transcript encoding auxin influx transport protein and 2 female-biased transcripts encoding auxin-repressed protein and auxin efflux protein were detected. In ethylene signaling pathway, 3 male/supermale-biased unigenes and 1 female-biased unigene encoded an ethylene response transcription factor (ERF), and another female-biased unigene was an Ap2-like *ANT* gene. Of the 4 male/supermale-biased transcripts in the cytokinin signaling pathway, 3 were *ARR* genes and 1 was a gene encoding a histidine-containing phosphotransfer protein. Furthermore, 1 unigene responsible for a cyclin-D3--2-like protein was downregulated in female flower buds. In jasmonic acid (JA) signaling pathway, 3 TIFY-like genes and 1 MYC4-like gene were upregulated in male/supermale flower buds. Some DEGs related to other phytohormone signaling pathways were also detected.Fig. 5Volcano plot for differentially expressed genes involved in flower development between male/supermale and female flower buds. X axis represents the log2 (fold change value), while Y axis represents −1\*log10 (FDR). Green dots show the female-biased flower-related genes, while blue and red dots represent the male/supermale-biased genes involved in flower development, among which, red dots represent anther-related male/supermale-biased genes Fig. 6Heat map diagram of expression patterns for differentially expressed genes involved in several phytohormone signaling pathways, including auxin (a), ethylene (b), cytokinin (c), JA (d), ABA (e), and GA (f). Red and green colors indicate male/supermale-biased and female-biased genes, respectively

Differential expression of TFs in male and female flower buds {#Sec7}
-------------------------------------------------------------

A total of 128 TF genes were differentially expressed between male/supermale and female flower buds (Additional file [9](#MOESM9){ref-type="media"}). Of these genes, 70 were highly expressed in male/supermales and 58 were preferentially expressed in females. A heatmap showing the differential expression profiles of the TF genes between male/supermale and female flower buds is presented in Fig. [7](#Fig7){ref-type="fig"}. The differentially expressed TFs included members of C2H2, C3H, bZIP, ERF, bHLH, MADS, MYB, WRKY, NAC, and other small TF families. Among various families, bHLH and MYB families were the most predominant. Remarkably, 17 bHLH genes, including 5 with biased expression in male/supermales and 12 with biased expression in females, were differentially expressed between male/supermale and female flower buds. The MYB/MYB-related TF family members also exhibited a distinct differential expression pattern, that is, 12 were highly expressed in male/supermales and 5 were preferentially expressed in females. Members of other TF families, including C2H2, LBD, C3H, DRF, NAC, and WRKY, were also characterized by male/supermale-biased expression. Among the female-biased genes, C2H2 family genes were the most represented, followed by MADS and TALE family genes.Fig. 7Differential expression of transcription factor gene between male/supermale and female flower buds. A variety of TF families showing differential expression (male/supermale-biased and female-biased in left and right panel, respectively) is shown on the heat map. The color scale represents the log-transformed RPKM value

miRNA-mRNA correlation analysis {#Sec8}
-------------------------------

Two small RNA libraries were constructed from a mixture of male and female flower buds. A total of 6,837,349 and 6,571,668 raw reads were generated from the male and female flower buds, respectively. After the adapter was trimmed, low-quality sequences were removed, and rRNAs, tRNAs, anRNA, and snoRNAs were filtered, the 2,949,390 and 2,902,544 remaining clean reads, representing 1,832,639 and 1,777,464 unique reads, were used to identify miRNA from male and female flower buds, respectively. Among these sequences, 72 known conserved miRNAs belonging to 53 families and 81 novel miRNAs were identified in the two samples (Additional file [10](#MOESM10){ref-type="media"}).

Differentially expressed miRNA (DEM) analysis revealed 15 upregulated DEMs (10 known and 5 novel) in male flower buds and 32 upregulated DEMs (12 known and 20 novel) in female flower buds. The DEM-DEG target pairs were detected from the transcriptome data based on the negative regulation between miRNA and their targets by combining DEM analysis results with RNA-seq data. A total of 90 targets showed opposite expression patterns with respect to 30 corresponding miRNAs (Additional file [10](#MOESM10){ref-type="media"}). In the male flower buds, 12 were upregulated DEMs with 57 downregulated target DEGs, including unigene0002102 (squamosa promoter-binding-like protein) and unigene0031841 (scarecrow-like protein), which are involved in flower development. In the female flower buds, 18 upregulated DEMs with 33 downregulated target DEGs, such as unigene0034398 (MADS-box transcription factor AP3) and unigene0001585 (transcription factor GAMYB-like protein), were identified.

Discussion {#Sec9}
==========

In this study, flower buds were analyzed at the transcriptome level to enhance our understanding of the mechanisms of sex determination and differentiation in asparagus. Hence, we sequenced the cDNA collected from male and female flower buds, which might represent a critical stage of sex determination and differentiation in asparagus. Asparagus contains two types of male individuals: common XY type male and YY type supermale. These two types undergo a similar male flower development process. We hypothesized that the major factors that regulate sex determination and differentiation in males and supermales are identical or similar. Thus, the data obtained in our sequencing project were combined with previously reported findings on female and supermale flower buds in the pre-meiotic stage to identify DEGs between male/supermale and female flower buds. This combination and comparison could address the limitation of using only two replicates in our sequencing project. RT-qPCR validated that the filtered DEGs based on the comparison were accurate and reliable in different individuals and under various experimental conditions. These male/supermale-biased and female-biased genes are necessary to elucidate the underlying molecular variations regulating sex determination and differentiation.

Male/supermale versus female flower bud expression patterns {#Sec10}
-----------------------------------------------------------

We observed a number of genes that were overexpressed or specifically expressed either in male/supermale flower buds or female flower buds. The functional annotation of these DEGs revealed the molecular mechanisms of various flower-development-related biological processes, such as maintenance of floral organ identity, development of androecium and gynoecium, and development of gametophytes.

On the basis of the FlowerNet database, we annotated 284 homologs as flower-related genes. Of these homologs, 102 were identified as anther-related genes or male-sterile mutant-related genes. Several anther-related genes, such as *galacturonase* (*PG*) and *AMS*, were identified in accordance with a previous research \[[@CR6]\]. This finding indicated that these genes were essential for anther development in different flower developmental stages. Anther-related cluster analysis further showed that 11 genes were associated with pollen wall formation. *Cation/H+ exchanger 19* (*CHX19*), *DUF064*, *SULTR*, *SYTB*, and *TSPO* were upregulated in pollen mother cell meiosis and involved in pollen exine formation \[[@CR27]\]. *ACYL-COENZYME A SYNTHETASE* (*ACOS5*) and *CYTOCHROME P450* (*CYP704B1*) were implicated in sporopollenin biosynthesis. Knocked out *ACOS5* and *CYP704B1* do not produce pollens because of compromised pollen walls or the presence of irregular exine layers \[[@CR28], [@CR29]\]. *CYP86C3* and *Anther 7* (*A7*) were stamen specific in *Arabidopsis* and likely responsible for pollen spermidine formation. Our results further showed two stamen-specific genes, namely, *Arabidopsis LAT59 ORTHOLOG* (*AT59*) and *SUGAR TRANSPORTAER 11* (*STP11*), which played a role in pollen tube formation and growth \[[@CR27]\]. Overall, these asparagus homologs showing male/supermale-biased expression might participate in pollen formation and development. However, genes responsible for pollen development are involved in downstream pathways and should not be implicated in gender determination.

A total of 149 homologs of flower development in *Arabidopsis* were significantly expressed to a greater extent in females than in males or supermales. These genes were implicated in gynoecium and female gametophyte development. Among the unigenes with differential expression between different sexual types, a large number of unknown genes did not yield a significant BLAST hit. These genes might include those specific to asparagus, those with unclear function in other plants, those with a large sequence diversity with other known genes, and other genes. With the elucidation of the functions of numerous genes, genes possibly involved in sex determination or differentiation in asparagus have been gradually understood. Hence, DEGs associated with flower development should be further examined.

Roles of plant hormone signaling in sex differentiation in asparagus {#Sec11}
--------------------------------------------------------------------

Plant hormones are endogenous regulators with multiple signal functions that affect nearly all aspects of plant growth and development \[[@CR30]\]. Various phytohormones are likely implicated in the regulation of sex-determining genes and developmental pathways in unisexual flowers \[[@CR11]\]. In monoecious plants, such as cucumber (*Cucumis sativus*) and melon (*Cucumis melo*), unisexual flower development can be regulated by plant hormones that influence gender phenotypes. For example, ethylene represses male flower development \[[@CR31]\], whereas GA promotes stamen development in female flowers \[[@CR32]\]. In cucumber and melon, the classically identified *M* (masculinizing) and *F* (feminizing) loci are factors that modulate hormone signaling and promote organ abortion processes \[[@CR33], [@CR34]\]. Sexual development in dioecious species may be controlled by genetic variation and may be weakly sensitive to plant hormones. However, hormones may stimulate sexual differentiation in dioecious plants that have evolved from monoecious species \[[@CR11]\]. In hemp (*Cannabis sativa*), the application of several plant hormones can influence their sexual phenotypes. For instance, GA induces masculinization, while IAA, ethylene, and kinetin elicit a feminization effect on the sex of hemp \[[@CR35]\]. Thus, hormonal regulatory pathways should be examined to obtain useful information for the identification of sex-differentiating and sex-determining genes. In our study, the signaling pathways of several hormones, including auxin, ethylene, cytokinin, and JA, were enriched by pathway-based analysis (Fig. [5](#Fig5){ref-type="fig"}). The auxin pathway could interact with other pathways and play important roles in flower development \[[@CR36]\]. A number of genes related to auxin metabolism and signaling were involved in auxin-mediated regulatory process of flowering \[[@CR36]\]. The unique transcripts annotated as auxin-induced proteins, auxin-responsible proteins, and auxin-transport proteins were identified and differentially regulated between male/supermale and female flower buds of asparagus. Our results demonstrated that one auxin influx transport gene was expressed preferentially in male/supermale flower buds, whereas one auxin-repressed protein coding gene and one auxin efflux protein coding gene were more represented in female-biased flower buds than in male/supermale flower buds. These findings implied that auxin levels might be higher in male/supermale flower buds than in female asparagus flower buds, and auxin might play more important roles in the former than in the latter. This observation is in contrast to previous results demonstrating that auxins increase the percentage of female flowers in monoecious plants \[[@CR37]\]. However, a floral organ that produces high concentrations of free auxin inhibits or retards the development of neighboring organs \[[@CR38]\]. We predicted that high auxin levels in male/supermale flower buds inhibited the development of neighboring organs, such as gynoecium, and contributed to unisexual flower formation. Indeed, the effects and possible roles of auxin in plant sex regulation remarkably vary in different studies \[[@CR39]--[@CR41]\]. As such, the functions of auxin and its influence on sexual development should be further investigated. Other genes, such as *ERF*, *ARR*, and *TIFY*, were also found to be related to ethylene, cytokinin, and JA signaling. Overall, these results suggested that plant hormone-mediated transcriptional regulation may be essential for the sexual differentiation of asparagus. The characterization and future analysis of critical genes responsible for plant hormone production and signaling would greatly facilitate studies on the complex genetic network of sexual differentiation in asparagus.

TF genes involved in sex determination and differentiation in asparagus {#Sec12}
-----------------------------------------------------------------------

TFs play essential roles in the reproductive development of plants. Many genes, such as *AP1*, *AP2*, *ARF*, and *APL/NZZ*, which are involved in reproductive development, encode a TF \[[@CR10], [@CR42]\]. Indeed, *SRY*, a well-known sex-determining factor in human, encodes a TF \[[@CR43]\]. Several sex determination- and sex differentiation-related genes in animals also encode TFs \[[@CR44], [@CR45]\]. Most importantly, the only identified and confirmed sex-determining gene encodes an HP-Zip type TF \[[@CR5]\]. Growing studies suggested the essential roles of TFs in sex determination and differentiation, both in plants and animals. In our study, numerous TF genes represented significant differential expression between male/supermale and female asparagus flower buds. Among various TF families, zinc finger, MYB, NAC, bZIP, and bHLH were significantly enriched, and this enrichment indicated their crucial roles in sex determination or sex differentiation in asparagus. The members of these families have been demonstrated to be involved in sex differentiation in other dioecious or monoecious plants \[[@CR5], [@CR33]\]. In persimmons, the homeodomain TF gene *MeGI* belonging to HD-Zip family regulates anther fertility in a dosage-dependent pattern. *OGI* is a male-specific gene encoding a small RNA that targets *MeGI*, and the interplay between *OGI* and *MeGI* controls the gender of persimmons \[[@CR5]\]. In our study, two HD-ZIP family TF genes (Unigene0023095 and Unigene0041406) were upregulated in female flower buds. A previous study showed that HD-Zip transcripts do not exhibit sex-biased expression in male and female asparagus spear tips \[[@CR6]\], and these observations imply that these two HD-Zip genes may initiate biased transcription in flower buds other than in flower primordium. Although dioecy has evolved independently several times in different flowering plant lineages, further expression, genetic, and functional studies on these two TF genes should be performed to provide useful information for the understanding of sex determination or differentiation in asparagus.

The zinc finger TF family is composed of a large number of proteins containing one or more zinc finger domains and further classified into distinct subfamilies, such as C2H2 type, C3H type, and C2HC type \[[@CR46], [@CR47]\]. Proteins belonging to the zinc finger family participate in various regulatory processes \[[@CR48], [@CR49]\]. In melon, *CmWIP1*, which encodes a C2H2 zinc finger TF, promotes stamen development through an indirect repression of ethylene-stimulated *CmACS-7* gene. The interplay between *CmWIP1* and *CmACS-7* controls the development of male, female, and hermaphrodite flowers in melon \[[@CR33]\]. In our study, six C2H2-type and five C3H-type TF genes showed male-biased expression, whereas five C2H2-type and one C3H type TF genes exhibited female-biased expression patterns. Remarkably, a clear *SUPERMAN-LIKE* homolog was four times more expressed in female flower buds than in male flower buds. In *Arabidopsis*, the *SUPERMAN* gene plays important roles in floral whorl and ovule development because of its negative activity during cell proliferation \[[@CR50]\], and an increased number of stamens and infertile ovules are observed in *sup* mutants \[[@CR51]\]. In the model dioecious plant *Silene latifolia*, the *SUPERMAN* homolog *SlSUP* is exclusively expressed in female flower and implicated in female flower development \[[@CR52]\].

bHLH family members play diverse roles in vegetative growth, reproductive growth, plant growth, morphogenesis, and stress responses \[[@CR53], [@CR54]\]. Among the differentially expressed bHLH genes in male and female asparagus flower buds, five showed predominant expression in males. One of these genes was the ortholog of *AMS*, a gene required for male reproductive development, expressed specifically in the tapetum of *Arabidopsis* anthers, and involved in tapetal tissue development \[[@CR55]\]. *AMS* can also regulate the expression of several other anther-development-related genes, such as *bHLH89* and *bHLH91* \[[@CR55]\]. We also found that *bHLH89* was preferentially expressed in males or supermales. Hence, we proposed that the interaction of *bHLH89* and *AMS* was implicated in anther development in asparagus. Furthermore, 11 bHLH genes, including orthologs of PHYTOCHROME INTERACTING FACTOR4 (*PIF4*), *GLABRA3*, *bHLH57*, *bHLH66*, *bHLH74*, and *bHLH75*, which participate in flowering time regulation, hormonal regulation, stress response, and cell differentiation, were significantly and highly expressed in female flower buds \[[@CR56]--[@CR58]\].

The MYB/MYB-related family of TF genes is implicated in various important plant biological processes, including flower development \[[@CR59]\]. Twelve and five MYB/MYB-related transcripts were preferentially expressed in male/supermale and female flower buds, respectively. Among these transcripts, two are homologs of *SWI/SNF* that encodes the proteins of chromatin remodeling complexes essential for leaf and flower development. This kind of TF could regulate the expression pattern of numerous floral organ identity genes, such as *APETALA1*, *APETALA3*, and *AGL24* \[[@CR60]\]. Recently, Murase et al. briefly reported a MYB TF gene *MSE1* which may be involved in sex determination in asparagus. *MSE1* is specifically expressed in male asparagus. Knockout of the *MSE1* homolog in *Arabidopsis* causes male sterility \[[@CR19]\]. However, this is only a preliminary study, validation of the function of this gene and investigation of the underlying mechanism are in need of further research.

A number of TF genes belonging to other families, such as MADS, WRKY, GATA, NAC, LBD, AP, and SAP, also exhibit a biased expression in male/supermale or female flower buds. Therefore, these genes also function in sex determination or differentiation in asparagus. For example, an APETALA2 (AP2)-like ethylene-responsive TF gene *AINTEGUMENTA* (*ANT*) is preferentially expressed in females compared with male or supermales. *ANT* participates in many aspects of female development, including ovule and gynoecium development \[[@CR61], [@CR62]\]. There were also a number of differentially expressed TFs with unclear functions in other plants. As such, these TFs are considered as potential candidates that are possibly involved in male and female flower development. Further genetic and functional these genes will provide relevant information to elucidate the sex determination and differentiation in this dioecious species.

miRNAs involved in sexual regulation in asparagus {#Sec13}
-------------------------------------------------

miRNAs are key gene expression regulators that play important roles in multiple cellular processes. miRNAs are likely involved in animal reproduction and sexual differentiation \[[@CR63], [@CR64]\] and plant development processes, including flower development \[[@CR65]--[@CR67]\]. Recently, Chen et al. identified a number of miRNAs and their targets, which may be involved in reproductive organ development in asparagus through small RNA sequencing and degradome analysis \[[@CR21]\]. In this study, small RNAs were sequenced, miRNAs were identified, and correlation analysis between miRNA and transcriptome was performed to identify the potential roles of miRNAs in regulating sex differentiation in asparagus.

Various DEMs, including miR156, miR159, miR165, miR172, and miR319, which have been reported to be involved in flower development \[[@CR68], [@CR69]\], were identified between male and female flower buds. The targets of the DEMs were predicted, and a number of DEG-DEM pairs, such as miR159-GAMYB-like protein, miR156-squamosa promoter-binding-like protein, miR171-scarecrow-like protein, and miR5719-MADS-box transcription factor AP3, were identified.

*Arabidopsis GAMYB*-like genes, such as *MYB33* and *MYB65*, regulated by miR159, are essential for anther development \[[@CR70]\]. Mutant analysis demonstrated that the anther development of *myb33myb65* double mutant is blocked in the premeiotic stage and is accounted for male sterility. Although the overexpression of miR159a in *Arabidopsis* also causes male sterility, they induce the formation of anther phenotypes that differ from those of *myb33 myb65*. These findings indicated that other members of the *Arabidopsis GAMYB*-like family are targeted by miR159 and implicated in anther development \[[@CR70]\]. A number of *GAMYB*-like transcripts were identified in this study (Additional file [9](#MOESM9){ref-type="media"}). Consistent with previous findings, our results showed that patterns of the *GAMYB*-like transcripts were upregulated and miR159 was downregulated in male flower buds. These findings raise the possibility that miRNA-regulated *GAMYB*-like genes were involved in anther development in male asparagus, and the upregulated miRNA and downregulated *GAMYB*-like genes might participate in the androecium abortion of the female flower buds of asparagus. Several unknown DEGs were also targeted by DEMs. Hence, these genes might be involved in sex determination and differentiation, but this possibility has yet to be verified.

Conclusions {#Sec14}
===========

RNA-Seq technology was applied to systematically investigate the sex-biased gene expression in the reproductive organs of dioecious asparagus. Combined with the data of a previous study, our results revealed 4876 DEGs between male/supermale and female flower buds. A number of candidate genes related to plant reproduction, plant hormone signaling, and TFs were characterized and implicated in complex networks of sex determination and differentiation. Our transcriptome analysis provided new insights into the genetic regulation of asparagus sex expression. Our study also established a basis for further genomic research on this important dioecious vegetable crop.

Methods {#Sec15}
=======

Plant materials {#Sec16}
---------------

The male and female asparagus (variety 'UC309') used in this study were grown in a greenhouse at Henan Normal University. Six male and six female asparagus individuals from a full-sibling progeny were sampled to represent two replicates of two sex types. Flower buds (0.5--0.7 mm in diameter), which may represent a critical sex determination stage from each sex type \[[@CR21], [@CR71]\], were collected, immediately frozen in liquid nitrogen, and stored at −80 °C until use.

Illumina sequencing and data processing {#Sec17}
---------------------------------------

Total RNA was extracted from asparagus flower buds by using TRIZOL reagent (Life Technologies, CA, USA) in accordance with the manufacturer's instructions. In each repetition, RNA was isolated from a mixture of flower buds from three individual plants in equal quantity. Approximately 3 μg of RNA per sample was used to construct the sequencing library with a NEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina® (NEB, USA) in accordance with the manufacturer's recommendations. Transcriptome sequencing was performed on an Illumina Hiseq 2500 platform, and 125 bp paired-end reads were generated.

Raw reads in a fastq format, including our sequencing data and previously reported data on flower buds \[[@CR6]\], were processed through in-house perl scripts. In this step, clean data (clean reads) were obtained by removing reads containing an adapter, reads comprising at least 10 Ns, and low-quality reads from raw data. Downstream analyses were based on high-quality clean data. De novo assembly was conducted using Trinity with min_kmer_cov set to 2 by default, and all of the other parameters were set in default \[[@CR72]\]. To evaluate the transcriptome completeness, BUSCO v3 \[[@CR73]\] was used by using the ortholog database for plants, which includes 1440 genes. We also used Transrate v1.0.3 \[[@CR74]\] to assess the transcriptome assembly quality.

Gene annotation and function classification {#Sec18}
-------------------------------------------

Gene function was annotated on the basis of the following five databases by using BLAST with a cutoff E-value of 10^−5^: Nr (NCBI non-redundant protein sequences), KOG/COG (Clusters of Orthologous Groups of Proteins), Swiss-Prot (a manually annotated and reviewed protein sequence database), KEGG Ortholog database, and GO.

Analysis of flower-related genes based on *Arabidopsis* data {#Sec19}
------------------------------------------------------------

A dataset comprising a large number of flower-related genes of *Arabidopsis* was generated to investigate the flower-related genes in the assembled unigenes of asparagus flower buds. These data were obtained mainly from a plant reproduction database \[[@CR75]\] and a flower-related database \[[@CR27]\]. After the redundant genes were removed, 11,398 non-redundant *Arabidopsis* gene loci were involved in the dataset. The *Arabidopsis* proteome was downloaded from The Arabidopsis Information Resource (TAIR) and set as a reference for local BLASTX analysis performed by using the asparagus assembled unigenes as the query.

Differential expression analysis {#Sec20}
--------------------------------

Sequencing reads were mapped to the assembled sequences by using SOAPaligner/soap2 \[[@CR76]\]. Read counts were normalized by calculating the RPKM value of each unigene in different samples. Differential expression analysis was performed using the DESeq R package (1.10.1) \[[@CR77]\]. *p*-value was adjusted to the false discovery rate (FDR) for multiple testing \[[@CR78]\]. Unigenes with a minimal twofold difference in expression (\|log~2~ Ratio\| ≥ 1) and FDR of ≤0.05 were considered as DEGs. The intersection of our data and Harkess's data for pre-meiotic flower buds was identified as female- and male/supermale- biased unigenes, which were used for further analysis. These DEGs were then subjected to GO enrichment analysis in GO seq R packages based on Wallenius non-central hyper-geometric distribution \[[@CR79]\], which can be adjusted for gene length bias in DEGs. The statistical enrichment of DEGs in KEGG pathways was evaluated using KOBAS software \[[@CR80]\]. The assembled unigenes were analyzed with Hidden Markov Model (HMM) profiles based on plant TF database (PlantTFDB) by using HMMER v3.1b2 (<http://hmmer.org/>) to identify differentially expressed TFs between male and female flower buds. Potential sex-specific or differentially expressed TFs were detected and further examined.

qRT-PCR verification {#Sec21}
--------------------

Twenty-four DEGs were selected for quantitative RT-PCR analysis by using the RNA samples of flower buds from individuals different from those used for transcriptome sequencing to validate our Illumina sequencing data. Gene-specific primers were designed according to the reference unigene sequences by using Primer 6 (Additional file [11](#MOESM11){ref-type="media"}). 18S rDNA gene was used as an internal control for qPCR analysis. cDNA synthesize and q-PCR were performed using a previously described procedure \[[@CR81]\]. The expression levels were determined with 2^−ΔΔCT^ method \[[@CR82]\].

Small RNA sequencing and miRNA identification {#Sec22}
---------------------------------------------

Two independent small RNA libraries from asparagus male and female flower buds were constructed and sequenced. For each library, three male individual plants or three female individual plants in equal quantity were pooled. Total RNA (3 μg) was used to construct a sRNA library for each male and female sample by using NEBNext Multiplex Small RNA Library Prep Set for Illumina (NEB, USA). The prepared libraries were sequenced on an Illumina Hiseq 2500 platform and 50 bp single-end reads were generated. The sequencing data, including transcriptome sequencing and sRNA sequencing results, were deposited into the NCBI SRA database with accession numbers of SRR5112683, SRR5112684, SRR5118382, and SRR5118383.

Identification and differential expression analysis of known and novel miRNAs {#Sec23}
-----------------------------------------------------------------------------

Raw reads were processed and filtered by using Illumina's Genome Analyzer Pipeline V1.5. The filtered small RNA sequences were mapped to asparagus mRNAs, Rfam (<http://rfam.xfam.org/>), and Repbase (<http://www.girinst.org/repbase/>) to discard mRNA, rRNA, tRNA, snRNA, snoRNA, and repeat sequences. Known miRNAs and novel miRNAs were identified using the methods described by a previous research \[[@CR83]\].

The miRNAs in male and female flower buds were subjected to differential expression analysis by using the DEGseq \[[@CR84]\] R package. *p*-value was adjusted using a *q*-value \[[@CR85]\]. *q*-value of \<0.01 and \|log~2~(foldchange)\| \> 1 were set as the threshold for significantly differential expression analysis by default.

miRNA target prediction {#Sec24}
-----------------------

A plant miRNA target prediction server (<http://plantgrn.noble.org/psRNATarget/>) was used to predict putative miRNA target genes with default parameters based on the assembled data of the asparagus transcriptome.
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